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Abstract 
 
Combustion of premixed propane-air flames propagating in horizontal quartz tubes of small 
diameter (6.4 mm) was studied using high-speed photography and Particle Streak Velocimetry 
(PSV).  Several regions of propagation were established, including an initial region of uniform 
propagation, a subsequent region of vibratory propagation characterized by high-amplitude axial 
flame oscillations and acceleration of the flame, and regions of small-amplitude oscillations 
during which the net propagation was nearly uniform.  The regions of highest instability and 
acceleration were found to occur most prevalently in stoichiometric and slightly rich cases (with 
fuel-air equivalence ratios of 1.0 and 1.2, respectively).  The effect of tube length was also 
studied, using lengths of 59.1 cm and 104 cm.  It was found that after a period of stable, uniform 
propagation, every case would inevitably transition to an unstable, oscillatory mode of 
propagation, with the exception of lean mixtures in the shorter tube, in which flames propagated 
uniformly to the end. 
Flame structure and phenomenology were also investigated.  The flames in all cases began 
by assuming a stable, parabolic shape during uniform propagation.  During regions of instability 
and oscillation, a large variety of flame morphologies was observed, including highly elongated 
shapes, partial or complete inversion of the flame front, and flames which lost a coherent shape 
altogether. 
Finally, flow visualization was accomplished by seeding the test section with aluminum 
oxide (Al2O3) particles, in order to investigate the flow structures produced by the propagating 
flame.  It was definitively established that flames propagating in tubes do produce a flow in the 
unburned gases ahead of the flame front.  Quantitative velocity data were extracted using Particle 
Streak Velocimetry, which revealed that the nature of this oscillatory flow produced by the flame 
was unsteady and possibly 3-dimensional, defying characterization as a fully-developed laminar 
flow. 
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Chapter 1 
 
Introduction 
 
1.1 Research Motivation and Background 
1.1.1 Research Motivation 
Flame propagation in long, narrow tubes has been studied for over 100 years and is still an 
area of active research.  One early motivation was the transport of combustible gases such as 
natural gas, liquefied petroleum gases (LPG), and coal-laden gases in pipes, where the hazards of 
ignition are paramount [1].  More recently, developments in small-scale technology, including 
small-scale combustors and fuel cells, have spurred renewed interest in the problem of flame 
propagation in confined geometries, and especially on smaller scales (i.e. micro-combustion), 
where combustion behavior can differ significantly from the behavior on large scales [2-4].  
Recent computational studies by Kurdyumov and Matalon [5] and others [6-8], have considered 
the problem of a premixed flame propagating in a long, narrow duct with adiabatic walls, and 
have made novel predictions regarding the acceleration of the flame in such a geometry.  These 
studies have also predicted the structure of the flow fields generated by the propagating flame, 
some aspects of which have yet to be experimentally verified, and which, if proven, may have 
applications to new types of propulsion systems [6].  Thus, a need has arisen for experimental 
characterization of the propagation characteristics of flames in long, narrow geometries on small 
scales, as well as the investigation of the related flow fields produced thereby.  This thesis is an 
attempt to satisfy that need. 
 
1.1.2 Early Investigations 
Some of the seminal work in the area of flame propagation in tubes and other narrow 
geometries was performed by Mallard and Le Chatelier in 1883 [9], who saw its importance in 
the area of coal mining and transportation, where predicting the manner of ignition and 
propagation of flames in flammable gaseous mixtures was essential to the prevention of fires and 
explosions.  They were the first to utilize a photographic method in the characterization of flame 
propagation in tubes [10].  Mason and Wheeler in 1920 [1] published a series of studies that 
sought to characterize the different modes of flame propagation in tubes and how these are 
affected by boundary conditions such as whether the tubes were open or closed at one or both 
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ends, and also the composition of the mixture.  Their overarching goal was to determine the 
conditions under which the flame would attain the maximum possible speed, important for safety 
considerations among others.  They confirmed the results of Mallard and Le Chatelier in 
delineating important regimes in the propagation, including a period of approximately uniform 
speed followed by a “vibratory region” in which the flame oscillated in the axial direction, 
sometimes with very significant magnitude; additionally, they observed that for tubes open at 
both ends and operating under stoichiometric and lean conditions, the overall translation of the 
flame down the tube would accelerate, except for very lean cases.  These observations were 
confirmed and extended in a series of studies by Guénoche in 1964 [11].  His work and similar 
studies [12, 13] conducted during this period detailed phenomena such as the vibratory region of 
propagation, as well as position vs. time profiles under the various operating regimes.  These 
firmly established the great importance of the imposed boundary conditions – such as whether 
the tube is open or closed at the ignition end and/or the opposite end – as well as mixture 
composition, and the effects that these conditions have on the observed behavior and speed of the 
flame.  Nearly all of the aforementioned studies were performed in tubes with diameters of at 
least 2 cm, and lengths of often several meters.  It is one of the goals of the current work to 
investigate the extent to which these previous findings are manifested in smaller tubes, with 
diameters of a few millimeters.  
 
1.1.3 Modern Investigations 
More recent studies, especially within the last two decades, have focused in particular on the 
acceleration of the flame front propagating in a narrow tube, both the mechanisms behind this 
phenomenon, and its potential application to technologies such propulsion devices.  Ott et al. [7, 
8] have performed theoretical and computational studies that describe the interaction of a 
confined laminar flame with the self-induced boundary layer produced by the resulting flow, and 
cite this interaction as a mechanism for flame acceleration.  The geometry simulated was a 
narrow 2-D channel closed at the ignition end and open at the far end, and they found the 
acceleration to be most pronounced for a channel with adiabatic walls. 
A similar computational study was performed by Gamezo and Oran [6], in which it was 
established that the flame’s interaction with the viscous boundary layer at the walls, and the 
subsequent stretching and increased surface area of the flame front (and therefore, of the reaction 
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zone), are associated with increased energy production and flame acceleration  This study 
predicts a flow or thrust produced in the unburned gases by the accelerating flame, and goes on 
to suggest that such a phenomenon could have significant application in novel types of 
propulsion systems.  Such a system would be advantageous from a fuel-saving perspective, since 
the thrust would be generated by unburned gases pushed ahead of the flame – material that could 
conceivably consist of inert gas or else burned gas from a previous cycle (in a pulsed-combustion 
engine).  A particularly suitable application for such systems would be in a micro-gravity 
environment such as spaceflight, where only small thrusts are needed for navigational 
corrections, and where, incidentally, the benefits of carrying the least amount of fuel possible are 
of critical importance.  Experimental verification of such a flow propelled ahead of the flame 
front would have profound implications for possible micro-propulsion devices.  Recent 
experimental work studying flame propagation in narrow geometries has focused on a variety of 
situations.  Kerampran et al. [14, 15] studied flames propagating in a tube closed at the ignition 
end and open at the opposite end.  The study highlighted the oscillations in the trajectory of the 
flame front, and quantified their relationship to the pressure histories recorded in the tube.  Evans 
and Kyritsis [16, 17] have studied heat loss to the walls of flames propagating in narrow tubes of 
various materials, and the resulting effects on flame phenomenology and stability.  Richecoeur 
and Kyritsis [18] studied oscillating flame phenomena in curved ducts with diameters of a few 
millimeters, and later Tse and Kyritsis [19, 20] made related observations for straight, vertical 
ducts of similar size.  Such investigations are necessary to gain an understanding of the flame 
behavior that would be preponderant in micro-combustors and other small-scale power 
generation devices.  Clanet and Searby [21, 22] have studied flame propagation in tubes of 
vertical orientation, with specific focus on the flame morphologies encountered, such as 
inversion of the flame front into a “tulip” shape and other instabilities.  However, modern 
experimental studies of the specific case of propagation in a narrow horizontal tube open at both 
ends have been found lacking in the current literature.  
The current study focuses specifically on results obtained by Kurdyumov and Matalon in 
2012 [5].  They performed a 2-D numerical simulation of a premixed flame propagating in a long 
but finite duct with adiabatic walls.  Unlike the aforementioned work, here the flame is ignited at 
one end, and both ends remain open to the atmosphere.  According to the paper, the ensuing flow 
is retarded at the walls due to viscous drag and accelerated in the center of the channel, and the 
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resulting pressure gradient produces a thrust that creates a Poiseuille flow in the unburned gases, 
away from the flame.  In addition, it was found that the flame accelerates as it travels down the 
tube, and analytical expressions were obtained for the flame speed and total travel time, in the 
limit of a narrow tube (tube diameter much smaller than the flame thickness) [5].  In a later work, 
results for tubes of larger diameters were obtained [23] .  The predicted existence of a Poiseuille 
flow directed away from the flame in the unburned gases in this configuration – similar to the 
findings of Gamezo and Oran [6] – is very intriguing, and has not yet been observed 
experimentally.  One of the major goals of the current work is to investigate the existence of such 
a velocity field experimentally, as well as compare the quantitative predictions of flame 
acceleration and travel time with experimental measurements. 
 
1.2 Research Objectives 
Experimental characterizations of flame propagation in the configuration simulated by 
Kurdyumov and Matalon [5] – namely, in a narrow, adiabatic, horizontal tube that is open at 
both ends – are lacking in the current literature.  In particular, the verification of the flow field 
produced by these flames, which may have significant applications to future propulsion devices, 
has not been performed to the author’s knowledge.  The goal of this thesis is to experimentally 
investigate the propagation phenomenology, acceleration characteristics, and the accompanying 
flow fields of premixed propane-air flames propagating in long, narrow, circular tubes, and 
compare the results with theoretical predictions.  To achieve this goal, the following objectives 
were pursued: 
• Investigate flame phenomenology using high-speed photography 
• Quantify the speed and acceleration characteristics of the propagating flame using object-
tracking of the high speed videos, and make comparisons with theoretical predictions  
• Characterize the flow field produced by the flame using particle-based flow visualization, 
and compare with the flow fields predicted in computational simulations 
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Chapter 2 
 
Experimental Methods 
 
2.1 Experimental Setup 
2.1.1 Physical Apparatus 
The main setup used for experimental testing consisted of a fused quartz (GE Type 214 
grade) tube mounted horizontally, into which premixed reactant gases could be fed via a small 
1/8-inch (3.2 mm) hole drilled into the side, lying 1 inch (2.54 cm) from the end of the tube.  
This setup is depicted schematically in Figure 2.1.  The tubes utilized had an inner diameter of 
1/4 inch (6.4 mm) and a wall thickness of 1/8 inch (3.2 mm).  Tubes of lengths 23.25 inches 
(59.1 cm) and 41 inches (104 cm) were utilized, in order to test the influence of tube length on 
propagation behavior.  At each end of the tube, a solenoid linear actuator was placed, with the 
moving rod capped with a piece of dense felt material, which would open or close the ends of the 
tube.  A detailed view of the actuator is shown in Figure 2.2.  These “pull-type” actuators, with a 
stroke of 1 inch (2.54 cm) could be activated simultaneously by a manually operated switch, in 
order to open the ends of the tube.  The dense felt material of the caps placed against the ends of 
the tube allowed a nearly airtight seal so that the reactants could fill the tube, but without causing 
any substantial pressure buildup or sudden change in pressure upon opening, which a more 
hermetic seal might do and which would disturb the flame propagation. 
The propane and air reactants were metered out of high-pressure cylinders, and delivered to 
the test setup using gas lines.  The mixing length for the reactants was well over a meter of 
flexible plastic (Tygon R-3603) tubing, of inner diameters 1/8 and 1/16 inch (1.6 and 3.2 mm).  
It has been verified in previous studies [18] that mixing of fuel and oxidizer in the gaseous phase 
occurs within a length of a few tube diameters for this type of geometry.  Therefore it was 
assumed that the reactants were fully premixed well before entering the test section.  For the 
propane, an Omega FMA5400 Mass Flow Controller was used to set the desired flow rate, which 
could be controlled to a precision of 1 mL/min, and typical values were between 7-14 mL/min. 
This flow controller was calibrated for N2 gas, so the reading given on the device had to be 
converted to the actual flow rate via Eq. (2.1):   
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 Figure 2.1 – Schematic of Experimental Setup 
 
 
 
Figure 2.2 – Close-up view of solenoid actuator at exit end of tube.  The reactant feed 
tube, sealed with molding clay, is also visible on the right. 
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𝑄𝑄𝑝𝑝,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑄𝑄𝑝𝑝,𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚 ∗ (0.35) (2.1) 
where 𝑄𝑄𝑝𝑝,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the true flow rate of propane, and 𝑄𝑄𝑝𝑝,𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚 is the number displayed on the 
flow controller’s digital output.  The equation and the factor 0.35 were those recommended by 
the user manual when using the flow controller for propane [24].  The air was metered through a 
set of needle valves and rotameters (which were only used as extra needle valves for finer control 
of air flow rate, not for readings), and the flow rate was read using an Omega FVL–1606a Flow 
Meter, which also had a precision of 1 mL/min.  Typical values for air flow rates were 210-240 
mL/min.  Since the flow meter could be calibrated for air, no adjustment was needed, and air 
flow rate 𝑄𝑄𝑎𝑎𝑎𝑎𝑚𝑚 could be read directly.   
The total flow rate of the mixture was chosen in a range such that it would satisfy the 
flashback condition in the quartz tube, given by Eq. (2.2) [25],  4𝑄𝑄
𝜋𝜋𝑅𝑅3
< 2𝑆𝑆𝐿𝐿
𝑑𝑑𝑎𝑎
 (2.2) 
where 𝑄𝑄 is the flow rate, R is the tube radius (here, 3.2 mm), 𝑆𝑆𝐿𝐿 is the laminar flame speed (taken 
to be approximately 40 cm/s [25] for this purpose), and 𝑑𝑑𝑎𝑎 is the quenching diameter (estimated 
at 2 mm from [26]).  This gives a maximum flow rate of about 550 mL/min. With this initial 
estimate and experimental trials, the final mixture flow rate was chosen to be in the range of 230-
250 mL/min, depending on the fuel mole fraction.  Initially, tests were performed with only the 
far end of the tube equipped with a solenoid open/close actuator, while the ignition end remained 
open, with a flow of reactants streaming out of the ignition end.  As experiments progressed, 
however, it was desired to achieve a stagnant mixture in the tube before igniting, so the flow was 
shut off shortly before ignition. 
The premixed reactants were fed into the quartz tube via a flexible polyethylene (Tygon R-
3603) tubing with outer diameter 1/8 inch (3.2 mm) and inner diameter 1/16 inch (1.6 mm), 
though a single hole which was cut into the side of the quartz tube and recessed 1 inch (2.54 cm) 
from the tube exit.  A small amount of molding clay was placed at the polyethylene-quartz 
interface to create an airtight seal (see Figure 2.2).  An aluminum wire mesh was placed next to 
this, approximately 5 cm from the tube exit, to act as a flame arrestor.  This protected the 
polyethylene tubing from being burnt or melted by the flame, and also prevented possible 
flashback into the flexible tubing.   
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Initially, experiments were performed inside a fume hood in order to minimize the hazards of 
filling the laboratory air with flammable gas.  However, concerns arose that the fume hood 
suction was causing extra hydrodynamic instability in the test tube and interfering with the flame 
propagation.  To eliminate this factor while still addressing safety concerns, the test setup was 
moved to a larger room with better ventilation, in which the ambient air near the test section was 
virtually stagnant.  In addition, the flow of propane was shut off when not actively filling the test 
section, and the time between tests was extended to allow for proper ventilation.   
 
2.1.2 Experimental Conditions 
The stoichiometry of the mixture was varied by changing the fuel content, while keeping the 
air mole fraction constant.  The global reaction equation for propane combustion in air is given 
by Eq. (2.3).  The air composition given by the air cylinder supplier was 79% N2 and 21% O2. 
𝐶𝐶3𝐻𝐻8 + 5(𝑂𝑂2 + 3.76𝑁𝑁2) → 3𝐶𝐶𝑂𝑂2 + 4𝐻𝐻2𝑂𝑂 + 18.8𝑁𝑁2 (2.3) 
The gaseous mixture was assumed to be ideal – Eq. (2.4) – in which case, the mole fractions of 
propane and air fed into the tube were proportional to the volumetric flow rates of the input 
gases.  In what follows, 𝑉𝑉𝑎𝑎 is the volume of a particular pure species and 𝑁𝑁𝑎𝑎 the number of moles 
of that species, while T is the temperature, 𝑃𝑃 is the pressure, and 𝑅𝑅𝑎𝑎 = 8.314 J/mol-K is the 
universal gas constant.  Taking the time derivative of Eq. (2.4), assuming constant 𝑇𝑇 and 𝑃𝑃, 
yields a relationship between volumetric flow rate 𝑄𝑄𝑎𝑎 and molar flow rate ?̇?𝑁𝑎𝑎, in Eq. (2.5).  
Taking Eq. (2.5) and applying it to two gases 𝑖𝑖 and 𝑗𝑗 at the same temperature and pressure, the 
relationship in Eq. (2.6) is developed.  The flow meter and flow controller used displayed 
volumetric flow rate at standard conditions (1 atm, 20°C). Thus the measured volumetric flow 
rates could be used to directly control mixture composition in the test section. 
𝑃𝑃𝑉𝑉𝑎𝑎 = 𝑁𝑁𝑎𝑎𝑅𝑅𝑎𝑎𝑇𝑇 (2.4) 
 
𝑃𝑃𝑄𝑄𝑎𝑎 =  ?̇?𝑁𝑎𝑎𝑅𝑅𝑎𝑎𝑇𝑇 (2.5) 
 
𝑄𝑄𝑎𝑎
𝑄𝑄𝑗𝑗
= ?̇?𝑁𝑎𝑎
?̇?𝑁𝑗𝑗
 (2.6) 
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2.2 High-speed Camera Tests 
2.2.1 Photographic equipment 
In order to capture the phenomenology of the propagating flame in the test section, a 
Phantom v7.0 high-speed camera manufactured by Vision Research, Inc. was utilized.  The 
camera was capable of up to 4800 frames per second (fps) and a maximum resolution of 
800x600 pixels.  Figure 2.3 illustrates the setup of the experiment used for taking videos.  The 
camera was mounted on a tripod facing the quartz tube test section, and in many cases a camera 
slider was utilized to allow for easy horizontal adjustment parallel to the axis of the test tube.  
This was necessary since the camera view could not encompass the entire length of the tube 
while still keeping the image in focus.  Two Nikkor lenses with specifications 50mm f/1.8 and 
105mm f/2.8 were used to record the videos, the former being preferred for wide-angle views 
encompassing a large section of the test tube, and the latter for closer views showing more 
detailed flame structure. 
 
Figure 2.3 –Phantom camera mounted on tripod opposite the test section 
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2.2.2 Testing Procedure 
The flow from the both the propane and air cylinders was turned on and set to a pressure 
typically of the range 15-24 psi (103-165 kPa).  Because of the amount of tubing and fittings 
between the cylinders and the test setup, a pressure was needed that was larger than any pressure 
drop incurred by the delivery system.  Conversely, if the incoming air pressure were too high, it 
would be difficult to obtain fine control of the air flow rate.  A typical value was 24 psi (165 
kPa) for both propane and air pressure.  Air flow rate control and metering was a recurring 
challenge, and some tests could only record flow rates with a precision of ± 5 mL/min for air 
(corresponding to approximately ±5% fluctuation or less of the fuel-air equivalence ratio 𝜙𝜙 at 
typical flow rates).  Precise control of the propane flow rate was deemed more important than 
that of air.  This is because the fuel mass flow rate was substantially smaller than the one of air 
(by a factor of approximately 20) and, as a result, small fluctuations in the fuel mole fraction had 
a greater impact on the equivalence ratio than fluctuations in the air mole fraction.  The air flow 
rate was set at a target value of 225 mL/min, since it was found that a convenient set of values 
for achieving exactly 𝜙𝜙 = 1 were 𝑄𝑄𝑎𝑎𝑎𝑎𝑚𝑚 = 225 mL/min and 𝑄𝑄𝑝𝑝,𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚 = 27 mL/min (corresponding 
to 𝑄𝑄𝑝𝑝,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 9.45 mL/min, according to Eq. (2.1)). 
The shut-off valve was opened, and the mixture allowed to fill the quartz tube while the exit 
end of the tube was closed, for about 1-2 minutes, in order to ensure that all ambient air was 
driven out of the quartz tube, and that the mixture composition in the tube reached a steady 
value, determined by the metered flow rates.  Flow rates were only recorded when the valve was 
open; otherwise the readings would be inaccurate.  The ignition end of the tube was then closed, 
and the ball valve shut.  After a pause of about 5 s to allow the mixture to stagnate, both 
solenoids were opened via the hand-held switch, and the mixture ignited at the ignition end using 
a butane lighter.  The time between the solenoids opening and ignition was typically 1 s or less, 
though in some cases took up to 2 or 3 s if the mixture did not ignite immediately upon contact 
with the lighter.  Also, all flame videos were recorded with the room lights off to maximize 
flame visibility.  It is to be noted that, after the tests were performed, it was found that through a 
mistake in the gas tubing configuration, only the propane flow was shut off by the ball valve, 
while air continued to flow into the tube during the test.  The possible effects of this phenomenon 
on the data will be discussed in Section 3.1. 
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After the flame propagation event occurred, the Phantom camera was triggered to store the 
video.  The camera was set to “PostTrigger = 1,” in continuous recording mode.  This meant that 
the camera was continuously recording and overwriting the allocated memory (comprising, for 
example, 4278 images at 800x200 resolution, or 684.48 Megapixels total).  The PostTrigger 
setting designates the number of images saved after the camera is triggered.  Setting this value 
equal to 1 causes the camera to save the images taken before the trigger, which turned out to be 
the most convenient way to capture the flame event.  At a camera sampling rate of 1000 fps and 
800x200 resolution, this allowed the user about 4.2 s after the flame event occurred to trigger the 
camera. 
Once a single test run was complete, the video was saved as a CINE file, which is a file type 
meant to be opened, viewed, and modified specifically by the Phantom camera software, and 
which did not involve any modification or compression of the images.  With the shut-off valve 
closed, an interval of at least 3 minutes was allowed to pass with both tube ends open, to allow 
product gases to dissipate and the tube to adequately cool.  Then, the exit end of the tube was 
closed and the valve opened to allow the mixture to fill again, for about 1-2 minutes, and the 
procedure was repeated.  When experiments were moved outside the fume hood, the time 
interval between tests with the shut-off valve closed prevented excessive build-up of flammable 
gas in the ambient air. 
Equivalence ratio was varied by adjusting the flow rate of propane using the mass flow 
controller.  Adjustment of the camera view could be done to some extent using the camera slider, 
but usually entailed moving the tripod and refocusing the lens.  As a reference point for length, a 
single image of a millimeter ruler held on top of the quartz tube was taken with the lights on.  
For later tests, a fixed 100-cm ruler with millimeter markings was mounted above the tube and 
about 1 cm behind it (i.e. further from the camera).  In the cases where the test was primarily 
concerned with acquiring flame position as a function of time rather than resolving the fine 
structure of the flame, a wide-angle view (20-30 cm in width) was used, and the camera was 
focused by putting the lines and numbers on the ruler into focus.  While this meant that the tube 
itself was perhaps slightly out of focus, the discrepancy between the image planes of the tube and 
ruler (about 1 cm) was much smaller than the tube-to-camera distance (about 67 cm), and the 
flames were still well-resolved. 
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 2.3 Image Processing and Speed Measurements 
2.3.1 Software Tools 
Images were processed to extract qualitative information on the flame structure, as well as 
quantitative data on flame position vs. time.  Qualitative image processing was accomplished 
primarily using the software ImageJ, developed by the National Institutes of Health.  Videos 
from the Phantom camera were converted to AVI format, and imported directly into ImageJ, 
where they could be displayed as scrollable “stacks” of single images.  All images recorded were 
8-bit grayscale.  Adjustments such as changing the image brightness, contrast, threshold levels, 
and subtracting background noise could be performed easily using this software, and most of the 
preparation of sample flame photos was done using ImageJ. 
In order to track the location of the flame, object-tracking functions found in the Computer 
Vision System Toolbox in MATLAB (R2012b) were utilized.  The primary object-tracking code 
used for this analysis was a modified version of an example code available on the MathWorks© 
website [27].  The original code was designed to track a moving, and possibly occluded object, 
and the specific example given was a spherical ball rolling across a floor, which temporarily 
passes out of view behind a box.  One of the strengths of this algorithm was its incorporation of a 
physical model for the object’s motion, based upon accumulated observations, which gave it the 
ability to log a predicted location of the object if it was not located in a given frame.  This proved 
to be very well-suited to the flame video application, since often the flame would undergo abrupt 
changes in speed, direction, or shape, that would render it unrecognizable to the software for 
perhaps one or two frames.  During frames where this occurred, the software logged a 
“predicted” location based on the motion seen in preceding frames, and when the object was 
located again, the tracked location was logged as “corrected.”  An option of either “Constant 
Velocity” or “Constant Acceleration” was available for the choice of motion model, and the 
latter was found to track the flames better.  An example of the object-tracking algorithm in action 
is displayed in Figure 2.4 
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Notice that there is a graphic displayed, a red circle, centered on the object being tracked.  This 
allowed for visual confirmation in real time whether the software was accurately tracking the 
flame location, which was particularly useful for highly oscillatory or unstable flame 
propagation.  As stated in the code documentation, the algorithm is designed to track the 
geometric centroid of a moving object against a stationary background.  Since these videos 
consisted of a moving luminous flame region set against a dark background, the location logged 
by the code was what might be called the “centroid of luminosity”; that is, the centroid of the 
luminous region taken as a geometric object.  It is to be noted that this did not always exactly 
correspond to the leading edge or reaction zone – as seen in Figure 2.4 where the tracer is 
slightly behind the leading edge.  However, since the primary interest was the flame’s speed and 
acceleration, not absolute position, this was not viewed as a significant source of inaccuracy.  In 
addition, for fast-moving flames where the leading edge often changed shape and direction, and 
sometimes ceased to have a well-defined shape, tracking the “centroid” of luminosity gave a 
more stable result than would an alternate algorithm based on tracking, for example, the edge or 
interface between light and dark regions.  Figure 2.5 shows an example of this situation, where 
the flame front has become inverted. 
  
Figure 2.4 – Object-tracking in MATLAB 
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 Tracking the centroid would tend to damp out the high-frequency component of the flame 
oscillation.  Overall, however, this type of tracking which locates the center of the luminous 
region provides a reasonable estimate of flame position in cases when the definition of the term 
“flame position” is debatable. 
 
2.3.2 Image Processing Procedure 
A video recorded by the Phantom high-speed camera was converted to AVI format from the 
default CINE format using the Phantom 675 software (which operates the camera and performs 
rudimentary processing of the videos, such as selecting the desired range).  A ruler was set up 
parallel to the tube and used as a visual reference to correlate pixels with physical distance.  The 
horizontal image width, known to comprise 800 pixels, was matched with the millimeter 
markings on the ruler to provide a scaling value; for example, 800/234 or 3.419 pixels/mm.  
Since the markings could be seen in sharp detail, the error in spatial dimensions due to pixel 
correlations is estimated to be less than 1 mm.  The time elapsed between frames is simply the 
reciprocal of the frame rate, which for these videos was always 1000 fps, or 1 ms between 
frames.  Equipped with this information, the flame’s position could be measured as a function of 
time. 
 
  
Figure 2.5 – Tracking an inverted flame front during a 
region of high oscillation 
14 
 
2.4  Particle Streak Velocimetry for Flow Visualization  
2.4.1 Background on the Technique 
Particle Streak Velocimetry (PSV) was utilized in order to visualize the flow produced 
during flame propagation.  This technique is currently increasing in popularity for combustion 
diagnostics, where non-intrusive methods are important, and the high temperatures involved 
often prohibit the use of sensitive physical probes.  PSV compares favorably in accuracy with 
other particle-seeding techniques such as Laser Doppler Velocimetry (LDV) and Particle 
Imaging Velocimetry (PIV) in the sense that it requires particle concentrations that are one to 
two orders of magnitude smaller than the ones of LDV and PIV, which minimizes particle 
interference with the flame.  Additionally, it is particularly appropriate for flows with one 
dominant velocity component (axial in this case) [28].  On the other hand, it is not especially 
appropriate for unsteady flows, since it relies on visualization with long exposure times.  
The principle of measurement is a simple one.  Particle seeds are introduced into the flow  
and the flow is illuminated by a laser sheet or other external light source so that the particles are 
visible.  A high-speed camera is used at a relatively high sample rate, and at an exposure that is 
long enough so that fast-moving particles will appear as lines or streaks in a single frame.  If the 
particles follow the flow well, these streaks represent flow pathlines (trajectories of single fluid 
particles), and the flow can thus be visualized.  To obtain quantitative velocity data, the length of 
a given streak is divided by the exposure time to obtain the average velocity of the particle for 
that frame. 
 
2.4.2 Physical Apparatus 
The experimental setup in Figure 2.1 was modified to accommodate for particle seeding and 
illumination of the particles by a laser.  Figure 2.6 displays the test section utilized for PSV.  The 
quartz tube of length 23.25 inches (59.1 cm) was selected for these tests, and a 1/8-inch (3.2 mm) 
hole was bored into the tube, at a distance of 4 inches (10.2 cm) from the end of the tube 
opposite the end where the feed of the mixture of reactants was located.  The particle seeding 
apparatus consisted of a glass funnel mounted on a ring stand, and equipped with a SST 304 wire 
mesh, 30x30 size 0.010 inches, which would allow only particles less than 250 μm in diameter to 
pass through.  Below this, the bottom piece of a plastic pipet was mounted that had been cut for 
this purpose, which was able to fit into the 3.2-mm hole bored into the tube.  A detailed view of 
15 
 
the particle delivery pipet is shown in Figure 2.7.  Both the connection between the funnel and 
pipet, and the one between the pipet and quartz tube, were covered with molding clay to provide 
an airtight seal (this is not shown in Figure 2.7).  In addition to these changes, the reactant feed 
shut-off ball valve shown in Figure 2.1 was replaced with a solenoid valve that could be opened 
and closed using an electrical switch.  Also, the air flow delivery system was reconfigured so that 
both the air flow and the propane flow would be shut off by the solenoid valve. 
  
16 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 –  Detailed view of seed delivery system 
Figure 2.6 – Experimental setup for flow visualization 
Particle seeding 
Laser Sheet Optics 
Reactant feed 
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The laser sheet was generated using a 75 mW WickedLaser E2 laser pointer, lasing at 532 
nm, and two lenses.  The beam was first directed through a converging, bi-convex spherical lens 
with a focal length of 13 cm, which acted to focus the beam and determined the thickness of the 
laser sheet.  Then, the beam passed through a plano-convex cylindrical lens with a focal length of 
2.5 cm.  The beam converged in the vertical direction through the cylindrical lens before passing 
through the focal point, after which it diverged into a laser sheet that was aligned with the axis of 
the quartz tube.  The thickness of the laser sheet was measured to be approximately 1 mm, which 
is relatively thin compared with the tube inner diameter of 6.4 mm.  This was desired in order to 
reduce the illumination of particles not in the vertical plane passing through the axis of the tube, 
and thus pick up as little out-of-plane motion (normal to the camera view) as possible. 
 
2.4.3 Seed Particles 
The seed particles used were aluminum oxide powder (Al2O3), produced by Alfa Aesar®.  
They were chosen based on their high boiling point (2980°C), which was much higher than the 
expected flame temperatures. Several other metal oxide powders were considered, such as 
titanium dioxide (TiO2) and zirconium dioxide (ZrO2), which did not perform as well due to 
excessive agglomeration.  The nominal particle diameter range of the aluminum oxide was 40-50 
nm; however, particles of sub-micron diameter have a great tendency to agglomerate into larger 
particles.  In order to mitigate this, the Al2O3 powder was kept in a low-humidity fume hood for 
several days prior to use. 
 
2.4.4 Experimental Conditions and Testing Procedure 
PSV data were acquired with the Phantom high-speed camera and the Nikkor 105 mm f/2.8 
lens.  The camera was placed so that the lens was approximately 23 cm from the centerline of the 
quartz tube.  The exposure was set to 300 μs, sample rate was typically 2000 fps, and the 
resolution was 800x400 pixels, which allowed a close view of the tube, encompassing about 
3 cm of tube length.  For first attempts at seeding the flow, a small amount of particles (less than 
1 g) was sprinkled into the funnel so that they would be falling under the action of gravity when 
the test started.  This proved problematic, since the presence of the small hole open to the 
atmosphere where the particles were delivered altered the manner in which the flame propagated.  
Therefore, the best method was eventually to sprinkle a small amount of particles into the tube, 
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creating a small pile about 1-2 mm high, and then sealing the delivery hole with molding clay 
before igniting.  Lean and stoichiometric flames did not disturb the particles in the tube enough 
to visualize the flow.  Therefore, all tests were done at an equivalence ratio 𝜙𝜙 of 1.7. 
 
2.4.5 PSV Processing 
All processing of images for PSV was done using ImageJ.  8-bit grayscale images from the 
Phantom camera were used as input.  In order to better distinguish each individual streak, the 
Subtract Background tool was employed.  For certain images, the streaks were more clearly 
distinguished if the image was inverted (i.e. the gray-value 𝑔𝑔 of each pixel would be put through 
the transformation 𝑔𝑔𝑛𝑛𝑚𝑚𝑛𝑛 = 255 − 𝑔𝑔𝑜𝑜𝑎𝑎𝑜𝑜, so that dark pixels would become light, and vice-versa).  
The Multi-point tool was used to create a set of numbered points, and each point was placed on 
the end of a streak.  The Measure tool would record the x and y locations of each point, and this 
information could be used to determine the location, x-displacement, y-displacement, and total 
length of each streak.  Thus the axial (x-direction) component of the velocity could be 
determined by dividing the x-displacement by the exposure time. 
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Chapter 3 
 
Phenomenology 
 
3.1 Overall Propagation Behavior 
In this chapter, the universal features of the flame phenomenology will be discussed by 
focusing on the case of a stoichiometric mixture, since all of the salient propagation trends and 
morphologies encountered during the experiments are well-exemplified by this case.  However, 
lean and rich mixtures were also tested, and the differences encountered by varying the mixture 
composition, being principally quantitative variations on the propagation scenarios observed in 
the stoichiometric case, will be discussed in Chapter 4. 
In terms of flame propagation, the flame began by assuming a stable shape, convex towards 
the unburned gases, almost immediately after ignition (within 1 or 2 tube diameters of 
propagation).  Figure 3.1 displays a time history of the flame propagation in a stoichiometric 
mixture, for the 104-cm-long tube.  The figure is a combined plot of four separate curves, each 
representing a video taken with the camera placed at a different axial location, which are shown 
together to form a piece-wise plot of the entire propagation history.  Note that, since each video 
was taken separately, the combined curve does not represent a single flame test; however, 
through analysis of multiple trials at each location it was established that, for a given mixture 
composition, the propagation exhibited remarkable repeatability, even in the more unstable and 
oscillatory regions.  The location of the flame front was determined using the method described 
in Section 2.3. 
The flame initially propagated in a smooth, stable manner with a nearly uniform speed, as 
shown in region (a) in Figure 3.1.  After this period of smooth propagation – which comprised 
generally between one-eighth and one-half of the total tube length, depending on the case – the 
flame transitioned to a less stable region characterized by axial vibration and oscillation of the 
flame front.  This phenomenon has been widely observed in the literature [1, 6, 9], and was 
termed the “vibratory” region by Mallard and Le Chatelier [9].  This transition to the vibratory 
region is visible in Figure 3.2, which is a detail view of the first curve used in compiling Figure 
3.1.  The view in this figure encompasses 22.9 cm or about one-quarter of the test section.  As 
seen in Figure 3.2, the transition to the vibratory region occurred at about x = 13.5 cm, where x is 
the axial coordinate, and the origin is about 3 cm from the end of the tube where ignition takes 
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place.  The variation in the duration of the uniform region among different mixture compositions 
will be discussed in Chapter 4.   
For the stoichiometric case in the 104-cm-long tube depicted in Figure 3.1, there was a rapid 
transition to vibrations of large amplitude (between 2-5 cm), or region (b), which is shown in a 
detail view in Figure 3.3.  The amplitudes of the axial oscillations in this region were much 
larger than the original size of the luminous flame zone in the uniform region (about 0.5 cm), and 
therefore this region (b) displayed the most distortion of the flame front shape, including 
flattening, elongation, inversion, and often altogether loss of a coherent shape.  These specific 
morphologies will be discussed in more detail in Section 3.3.  In addition, as shown in Figure 
3.3, the forward stroke of each oscillation was generally larger than the backward stroke, which 
resulted in an overall acceleration of the flame in region (b). 
After the region of large-amplitude oscillations, the flame transitioned to a phase, labeled as 
region (c) in Figure 3.1, characterized by smaller-amplitude oscillations, on the order of about 
0.5 cm.  During this region, which lasted from about the halfway point of the test section until 
the end, the flame front was able to keep its overall parabolic shape for the most part, though 
constantly stretching and shrinking due to the vibrations.  Here, the overall propagation speed of 
the flame front decreases and levels off to a relatively constant value.  A detail of region (c) is 
shown in Figure 3.4.  
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 Figure 3.1 – Time history of propagation for a stoichiometric mixture (𝜙𝜙 = 1.0), in the 104-cm-
long tube.  Regions: (a) smooth propagation, (b) high-amplitude oscillations, (c) low-amplitude 
oscillations. 
  
a 
b 
c 
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 Figure 3.2 – Detail of region (a): Transition from uniform propagation to vibratory region for a 
stoichiometric mixture (𝜙𝜙 = 1.0), in the 104-cm-long tube. 
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Figure 3.3 – Detail of region (b): large-amplitude oscillations and overall flame acceleration for a 
stoichiometric mixture (𝜙𝜙 = 1.0), in the 104-cm-long tube. 
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 Figure 3.4 – Detail of region (c): small-amplitude oscillations and deceleration to a nearly 
uniform overall translation velocity, for a stoichiometric mixture (𝜙𝜙 = 1.0), in the 104-cm-long 
tube. 
  
25 
 
Figure 3.5 depicts the global propagation history of a stoichiometric flame in the shorter tube 
(59.1 cm).  Similarly to the longer, 104-cm tube, a region (a) of smooth propagation and nearly 
uniform speed can be identified, as well as a region (b), in which the flame quickly transitioned 
to high-amplitude oscillations, where the forward stroke was larger than the backward stroke, 
leading to an overall acceleration in the flame translation.  Additionally, the same types of 
morphologies (flattening, elongation, inversion, and loss of coherent shape) were observed in 
region (b) of the 59.1-cm-long tube as were present in the corresponding region (b) of the 104-
cm-long tube.  However, the next region, labeled (c), differed from the 104-cm-long tube 
behavior in that for the shorter tube, the flame assumed a nearly uniform speed, faster than that 
of region (a), and the luminous zone maintained a somewhat elongated shape that oscillated in 
size, varying in length between 1-2 cm during propagation.  However, since the motion-tracking 
algorithm tracked the location of the “centroid” of luminosity (as described in Section 2.3), and 
the centroid moved at a nearly constant speed, this aspect of the oscillation is not noticeable in 
the plot.  Finally, in region (d), the flame underwent very large-amplitude oscillations in position, 
shrinking in size and even backtracking by several centimeters before slowly moving forward to 
the flame arrestor.   
This radical shift in propagation behavior in region (d) remains unexplained.  It is possible 
that the flame was affected by an adverse pressure gradient ∆𝑃𝑃 caused by the influx of air into 
the system (described in Section 2.2), which would be most likely to affect the flame near the far 
end of the tube, where the reactant feed was located. In order to evaluate this possibility, the 
following calculations were performed: 
Using the assumptions of laminar, incompressible flow in a smooth pipe, the hydrodynamic 
effects of the influx of air at 225 mL/min, located at 2.54 cm from the far end of the tube, could 
be estimated.  In order to estimate 𝑃𝑃𝑎𝑎𝑛𝑛, the pressure at the inflow location, two limits were 
chosen.  The first assumed that there were no pressure losses from the air cylinder regulator at 24 
psi (165 kPa), which is almost certainly an overestimate of the pressure, given that the flow 
passes through several restrictions, a flow meter, and over 15 m of tubing before coming to the 
inflow location.  The second limit assumed the pressure at the inflow to be atmospheric (101.3 
kPa).  The results are summarized in Table 3.1. 
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Table 3.1 – Estimation of the Hydrodynamic Effect of Air Inflow 
Tube Length Case 1: 𝑷𝑷𝒊𝒊𝒊𝒊 = 165 kPa Case 2: 𝑷𝑷𝒊𝒊𝒊𝒊 = 101.3 kPa Flow Speed (cm/s) Adverse ∆𝑷𝑷  (Pa) Flow Speed (cm/s) Adverse ∆𝑷𝑷  (Pa) 104 cm 3.4 0.33 1.6 0.16 59.1 cm 2.6 0.26 2.1 0.20 
 
In all cases, the flow speeds moving against the incoming flame front are all an order of 
magnitude less than the laminar flame speed (28-44 cm/s), so it can hardly be supposed that the 
incoming flow would cause the flame to reverse direction entirely, as seen in Figure 3.5, region 
(d).  In addition, this estimate neglects the wire mesh that is placed between the inflow and the 
test section, which would further reduce the hydrodynamic effect of the air inflow on the test 
section.  However, one important point is that this behavior in region (d), characterized by 
fluctuations of several centimeters, was only observed in the stoichiometric and rich cases (𝜙𝜙 = 
1.0, 1.2, 1.4), while the lean case (𝜙𝜙 = 0.8) propagated smoothly to the end under the same 
conditions.  This points to the possibility that the air inflow’s effect on the composition (making 
the mixture more lean near the tube exit) may affect the flame, and that this does not manifest 
itself in the 𝜙𝜙 = 0.8 case because it is already a lean mixture.  The variation in behavior with 
respect to equivalence ratio, as well as quantitative comparisons between the two tube sizes, will 
be discussed fully in Chapter 4.   
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Figure 3.5 – Time history of propagation for a stoichiometric mixture (𝜙𝜙 = 1.0), in the 59.1-cm-
long tube.  Regions: (a) smooth propagation, (b) high-amplitude oscillations, (c) smooth 
propagation at higher speed (d) very high-amplitude shifts in position, without extinguishing. 
  
a 
b 
c 
 
d 
 
28 
 
3.2 Flame Oscillation 
Figure 3.6 illustrates the change in flame shape observed during a typical oscillation.  During 
each oscillation cycle, the flame accelerates forward abruptly for a short distance (usually about 
1 cm or less), and then slows down, sometimes backtracking its position and/or reversing 
concavity of the flame front (inversion), before repeating this process.  The images in Figure 3.6 
correspond to the region in Figure 3.4, which has been called region (c) in the 104-cm-long tube 
for the stoichiometric case.  The images are consecutive from the top, separated by 2 ms each, 
and each has dimensions of 23.2 x 5.8 cm in physical space.  Here, the flame propagates from 
right to left.  The first image has a slightly flattened shape, indicating the end of a backward 
stroke, and the flame’s centroid position in the second image is slightly to the right of the first.  
The leading edge of the flame then surges forward in the third image, increasing in surface area, 
while the trailing edge does not move appreciably.  In the fourth image, the trailing edge of the 
flame moves forward, thus moving the centroid of the luminous zone forward, and finally, in the 
fifth image the flame slows down and flattens out again, registering as a slight backward 
movement of the centroid.  Thus two modes of motion are visible: the stretching and flattening 
of the flame zone, and the overall forward motion of the centroid of the flame.  These together 
produce the oscillatory motion observed, and depicted in Figure 3.4.   
It is worth discussing the mutual interaction between flame surface area and flame speed.  
The instantaneous propagation speed of the flame is highest for the third and fourth image, where 
the surface area is also largest.  As flame surface area increases, so does the size of the reaction 
zone (which in laminar flames is essentially the leading flame surface, the interface between 
reactants and products), and thus more heat is released, increasing the speed of the flame.  
Moreover, as the flame propagation accelerates, the flame becomes more stretched, thus 
increasing the surface area.  The converse is also true for decelerating flames and smaller surface 
areas.  Therefore, increase in surface area and instantaneous acceleration are mutually interacting 
phenomena that determine the flame’s overall propagation.  This correlation is a key assertion 
that has been made in the literature, oftentimes in the context of the G-equation [29-31].  The 
correlation has been qualitatively confirmed here, though analysis of the detailed nature of the 
interaction is beyond the scope of this work. 
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Figure 3.6 – One typical oscillation cycle, corresponding to the region depicted in Figure 3.4  
(𝜙𝜙 = 1.0, 104-cm-long tube).  Amplitude of flame stretching is on the order of the average size of 
the luminous zone.  The flame propagates right to left.  Frames are consecutive from the top and 
separated by 2 ms.  Each image is 23.2 x 5.8 cm. 
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3.3 Selected Flame Morphologies 
In this section some typical flame morphologies are examined.  All images are taken from the 
104-cm-long tube for a stoichiometric case.  However, the forms are representative of those 
found at other equivalence ratios as well.  First, Figure 3.7(a) shows the most common 
manifestation of the flame in regions of smooth propagation, a parabolic shape convex towards 
the unburned gases, about 0.5 cm in axial length.  Figure 3.7(b) depicts a flame undergoing 
inversion, with the concavity completely reversed and the center of the flame front stretched 
backwards to a length of about 1.5 cm, or about three times the normal length of the parabolic 
shape.  This image was taken during the stage corresponding to region (b) in Figure 3.1, which in 
the 104-cm-long tube is the most unstable region where the highest-amplitude oscillations and 
largest instabilities occur.  Figure 3.7(c) illustrates a very elongated flame, during a large forward 
stroke of oscillation in region (b) of Figure 3.1, and measuring about 7.4 cm in total length.  If 
flame stretching and size at these two extrema of motion (backward and forward) is taken as an 
index of the overall oscillatory behavior, this confirms the observation in Figure 3.3 that the 
backwards stroke, illustrated in Figure 3.7(b), is smaller than the forwards stroke, seen in Figure 
3.7(c), in this case by a factor of about 2.4.  Finally, in regions of very strong instabilities or 
large-amplitude oscillations, the flame front would often lose its coherent shape, with the 
structure becoming “wrinkled” to a large degree and elongating to span 3-5 cm.  An example of 
this is depicted in Figure 3.7(d).  In these cases, although the overall propagation is forward and 
oscillatory, it would be difficult to assign a single value of propagation speed or direction to the 
entire flame front.  Instead, different regions of the flame seem to be propagating in different 
directions, with circulation and transverse motion playing prominent roles.  This phase of motion 
persists from about x = 20 cm to x = 40 cm in Figure 3.1, or, in other words, from about halfway 
through region (b) to the beginning of region (c), when the smaller-amplitude oscillations 
prevail.  
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Figure 3.7 – Selected flame shapes: 
(a) Parabolic during uniform propagation, (b) Extremely inverted, (c) Elongated with slight 
inversion at the forward (leftmost) tip, (d) Flame front without a coherent shape 
(All images are for 𝜙𝜙 = 1.0 in the 104-cm-long tube)  
(a) 
(b) 
(c) 
(d) 
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Chapter 4 
 
Quantitative Analysis and Comparisons with Theoretical 
Predictions 
 
4.1 Quantitative Propagation Analysis  
Figure 4.1 depicts the overall propagation history of the flame in the 104-cm-long tube for 
four propane-air mixtures with equivalence ratios equal to 𝜙𝜙 = 0.8, 1.0, 1.2, and 1.4.  These 
curves are a superposition of four viewing regions, as in Section 3.1.  In the 104-cm-long tube, 
the case of 𝜙𝜙 = 1.4 consistently extinguished before reaching the halfway point of the test 
section, so no data could be obtained for the later regions of the tube.  It can be seen that the 
biggest difference in propagation behavior is between the lean case (𝜙𝜙 = 0.8), and the other 
cases.  In all cases, an initial region of uniform propagation was followed by a transition to a 
vibratory region characterized by oscillations.  This transition can be more readily examined in 
Figure 4.2, a detailed view of the initial region in the 104-cm-long tube.  In the stoichiometric 
and rich cases, the transition was accompanied by an overall acceleration in the propagation, 
with the forward stroke of each oscillation being larger than the backward stroke, as discussed in 
Chapter 3.  Furthermore, these oscillations had an amplitude larger than the length of the 
parabolic-shaped luminous flame zone seen in the uniform region (typically about 0.5 cm), 
resulting in distortion, elongation, and inversion of the flame front into the shapes discussed in 
Section 3.3.  For the lean case, however, the transition to the vibratory region led to smaller 
oscillations on the order of the size of the luminous flame zone, and the overall propagation 
decelerated slightly to a slower, nearly constant speed.  This regime continued until 
approximately x = 35 cm, when the oscillations ceased and uniform propagation resumed.   
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Figure 4.1 – Time history of flame propagation in the 104-cm-long tube for four mixture 
compositions: 𝜙𝜙 = 0.8 (Blue) , 𝜙𝜙 = 1.0 (Black), 𝜙𝜙 =1.2 (Red), 𝜙𝜙 = 1.4 (Orange) 
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 Figure 4.2 – Detail of time history of flame propagation in the 104-cm-long tube for four mixture 
compositions: 𝜙𝜙 = 0.8 (Blue) , 𝜙𝜙 = 1.0 (Black), 𝜙𝜙 =1.2 (Red), 𝜙𝜙 = 1.4 (Orange) 
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Figure 4.3 shows the propagation histories of the four compositions (𝜙𝜙 = 0.8, 1.0, 1.2, and 
1.4) for the case of the shorter tube (59.1 cm), and a detailed view of the initial region is shown 
in Figure 4.4.  Here, the trends for the 𝜙𝜙 = 1.0 and 1.2 cases are qualitatively very similar to the 
those of the longer tube, in that they begin with a uniform propagation, transition to regions of 
high-amplitude oscillation and acceleration, continue to a region where propagation is faster than 
at the outset and relatively uniform, and end with high-amplitude fluctuations near the end.  The 
lean case, on the other hand, does not exhibit any noticeable oscillatory behavior, instead 
traveling with a practically uniform speed for the whole length of the tube.  The slight 
discontinuity near x = 22 cm is an artifact of the tracking algorithm, since it occurs at the 
junction of the two separate data sets, the beginning and end of which become slightly inaccurate 
as the algorithm loses sight of the flame.  In contrast to the case of the longer tube, the 𝜙𝜙 = 1.4 
case in the shorter tube begins with a speed in the uniform region even slower than that of the 
lean case, and at about x = 14 cm, transitions to a region characterized by a flattened flame shape 
(with a luminous zone length of about 0.2 cm), and small-amplitude, high-frequency oscillations.  
This region acts to decelerate the flame, and persists until approximately x = 22 cm, when the 
flame accelerates into a smoother region of faster propagation than at the outset, before 
becoming highly oscillatory near the tube end (much like the 𝜙𝜙 = 1.0 and 1.2 cases).  The cause 
of these large fluctuations near the far end of the tube remains to be explained.  The influx of air 
into the tube may have affected the flame hydrodynamically, via the small pressure gradient 
estimated in Section 3.1.  However, the absence of this phenomenon in the lean cases and (for 
the 104-cm-long tube) the stoichiometric case as well, points to the possibility of a mechanism 
that is dependent upon the flame composition.  Further work would have to be performed to 
investigate whether this phenomenon is a hydrodynamic effect due to proximity to the open end 
of the tube, an effect of non-constant composition (by diffusion of air into the tube at the far end, 
or in this experiment, the inflow of air near the far end), or else an entirely different mechanism.   
The speed of the flame during the initial uniform region of each case was calculated by linear 
regression.  The point at which the uniform region ended for a given case was determined by 
visual inspection of the plotted data using a data cursor which moved along the curve, and was 
estimated to be the location just preceding the first major backwards movement in the x-
direction.  The results are shown in Table 4.1, and plotted in Figure 4.5. 
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Table 4.1 – Comparison of speed in the uniform region of 
propagation between cases.  Laminar flame speeds taken from 
[25] Equivalence Ratio 𝜙𝜙 Speed in Uniform Region  (cm/s) Laminar Flame Speed (cm/s) 104 cm Tube 59.1 cm Tube 0.8 39.0 46.0 32.0 1.0 78.7 88.3 44.0 1.2 91.1 87.9 43.5 1.4 62.4 40.7 28.0 
 
The propagation speeds calculated for the uniform region are given for each case of mixture 
composition, and for both tube sizes (104 cm and 59.1 cm).  The laminar flame speeds for each 
mixture composition are also provided, taken from Glassman [25].  It is seen that the propagation 
speeds follow the overall trend of the laminar flame speed, in that the speeds generally decrease 
as the mixture departs from stoichiometric.  Glassman [25] has that for propane-air mixtures, the 
equivalence ratio producing the maximum flame speed is 1.06, or slightly rich.  The highest 
overall speed was for the 𝜙𝜙 = 1.2 case in the 104-cm-long tube, where the propagation speed was 
higher than the predicted laminar flame speed by a factor of two.  There is a substantial increase 
in flame speed from 𝜙𝜙 = 0.8 to 𝜙𝜙 = 1.0 (by about a factor of two for both tubes), but much less of 
a change from 𝜙𝜙 = 1.0 to 𝜙𝜙 = 1.2.  This is reasonable since, as Figure 4.5 shows, the laminar 
flame speeds for the 𝜙𝜙 = 1.0 and 1.2 cases are close to, and on either side of the maximum value, 
and so the change in speeds near this maximum will be small.   
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 Figure 4.3 – Time history of flame propagation in the 59.1-cm-long tube for four mixture 
compositions: 𝜙𝜙 = 0.8 (Blue) , 𝜙𝜙 = 1.0 (Black), 𝜙𝜙 =1.2 (Red), 𝜙𝜙 = 1.4 (Orange) 
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 Figure 4.4 – Detail of time history of flame propagation in the 59.1-cm-long tube for four 
mixture compositions: 𝜙𝜙 = 0.8 (Blue) , 𝜙𝜙 = 1.0 (Black), 𝜙𝜙 =1.2 (Red), 𝜙𝜙 = 1.4 (Orange) 
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 Figure 4.5 – Speed in the uniform region and laminar flame speed for different equivalence ratios 
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4.2 Comparisons with Theoretical Predictions 
4.2.1 Propagation Profile Comparison 
One of the main goals of this investigation was to quantitatively compare the experimental 
results with the theoretical and computational results predicted by Kurdyumov and Matalon [5].  
They present the result that, for sufficiently long tubes, the flame position 𝑥𝑥𝑓𝑓 as a funciton of 
time 𝑡𝑡 is given by Eq. (4.1), 
 
𝑥𝑥𝑓𝑓 = �𝐿𝐿𝛾𝛾 + 𝐷𝐷𝑇𝑇𝑆𝑆𝐿𝐿 � �exp �𝛾𝛾𝑆𝑆𝐿𝐿 ∙ 𝑡𝑡𝐿𝐿 � − 1� (4.1) 
where 𝐿𝐿 is the length of the tube, 𝑆𝑆𝐿𝐿 is the laminar flame speed, 𝐷𝐷𝑇𝑇 is the thermal diffusivity of 
the unburned mixture, and 𝛾𝛾 is a heat release parameter, defined by Eq. (4.2). 
𝛾𝛾 = (𝑇𝑇𝐴𝐴𝐴𝐴𝑇𝑇 − 𝑇𝑇𝑎𝑎)
𝑇𝑇𝑎𝑎
 (4.2) 
𝑇𝑇𝐴𝐴𝐴𝐴𝑇𝑇 is the adiabatic flame temperature, and 𝑇𝑇𝑎𝑎 is the temperature of the unburned mixture.  In 
order to compare the propagation history predicted by Eq. (4.1), the parameters listed above were 
computed for the experimental conditions.  The 𝑇𝑇𝐴𝐴𝐴𝐴𝑇𝑇 (at constant pressure) was calculated for 
each mixture composition using the equilibrium solver Gaseq, created by Chris Morley.  The 
thermal diffusivity 𝐷𝐷𝑇𝑇 of an unburned propane-air mixture was found using the transport 
property calculator created by Prof. David S. Dandy at Colorado State University [32].  The 
unburned mixture temperature 𝑇𝑇𝑎𝑎 was taken to be equal to ambient, which was measured at 289 
K for the tests performed.  The relevant parameters are listed in Table 4.2. 
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Table 4.2 – Properties of the propane-air mixtures Equivalence Ratio 𝜙𝜙  𝑇𝑇𝐴𝐴𝐴𝐴𝑇𝑇  (K) γ Laminar Flame Speed  SL (cm/s) Thermal Diffusivity 𝐷𝐷𝑇𝑇  (cm2/s) 0.8 2036 6.0 32.0 0.1949 1.0 2263 6.8 44.0 0.1916 1.2 2195 6.6 43.5 0.1887 1.4 2041 6.1 28.0 0.1858 
 
Using the parameters in Table 4.2, and tube length 𝐿𝐿 equal to 104 or 59.1 cm, theoretical 
curves were generated using Eq. (4.1), and overlaid with the experimental data.  Figure 4.6 
shows the results for the 104-cm-long tube, and only the first 23 cm are shown, to focus on the 
region where the agreement is best.  It is clear that the best agreement is with the lean case near 
the outset, where the difference in travel time is within 0.01 s until approximately x = 8.6 cm.  
For the 𝜙𝜙 = 1.0 and 1.2 cases, the theory correctly predicts that the two curves will follow each 
other closely, although Eq. (4.1) predicts that the stoichiometric case will propagate slightly 
faster, when the opposite is true for the 104-cm-tube data.  The 𝜙𝜙 = 1.4 case is the least accurate 
prediction for the longer tube, underestimating the speed of the experimental case from the 
outset.   
Figure 4.7 shows the same comparison applied to the shorter tube (59.1 cm).  Here, there is 
better agreement for all the curves, with the 𝜙𝜙 = 1.4 and 𝜙𝜙 = 0.8 cases being correctly predicted 
as the slowest and second-slowest, respectively, and the theoretical curves matching the 
experimental data fairly well for the initial region.  For the none of the cases does the overall 
shape of the theoretical curve match well with the experimental data, since the theory predicts a 
smoothly accelerating flame, while the experiment shows, for example, in the 𝜙𝜙 = 1.0 and 1.2 
cases, a region of uniform speed, followed by oscillations and acceleration, followed by large 
fluctuations and a large retardation near the end.  Nevertheless, the total travel times predicted by 
the theory match within 15% for these two cases, and nearly perfectly for the stoichiometric case 
(as will be discussed in Section 4.2.2).  Moreover, the theory again correctly predicts that the 𝜙𝜙 = 
1.0 and 1.2 cases closely follow one another, but again the stoichiometric case is predicted to be 
faster, when the experimental data shows the 𝜙𝜙 = 1.2 case to be slightly faster, just as in the 
longer tube.  This discrepancy may be because the theory assumes adiabatic tube walls, and the 
heat release parameter γ is based upon the adiabatic flame temperature.  In reality, combustion 
within the quartz tube is not adiabatic, and thus the temperature of the flame may differ from the 
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𝑇𝑇𝐴𝐴𝐴𝐴𝑇𝑇, and the temperature of the rich case may be slightly higher than that of the stoichiometric 
case.  Since the laminar flame speed values from [25] are based upon the assumption that the 
highest flame temperature occurs at nearly stoichiometric conditions, use of these values in Eq. 
(4.1) may be another source of discrepancy.  Figure 4.8 shows a detailed view of the comparison 
for the 59.1-cm-long tube.  Here, near the outset, is where the best agreement is seen, particularly 
for the 𝜙𝜙 = 0.8 and 1.4 cases.  In the shorter tube, the 𝜙𝜙 = 1.4 case is correctly predicted to be the 
slowest case, followed by the lean case.  The fact that the results agree best for the lean case in 
both tubes can be expected, since the reaction model used in [5] assumed lean combustion, not 
accounting for unreacted fuel or intermediates that occur in rich combustion. 
Another source of discrepancy is that in Figures 4.6 – 4.8, the start of the experimental data is 
offset from the ignition end of the tube by approximately 3 cm, whereas the theory assumes that 
x = 0 is the ignition site.  Furthermore, the theoretical model assumes the position of the flame to 
coincide with the location of highest reaction rate (most likely near the leading edge of the real 
flame), and further assumes the thermal thickness 𝛿𝛿𝑎𝑎 of the flame (in the axial direction) to be 
𝛿𝛿𝑎𝑎 = 𝐷𝐷𝑇𝑇/𝑆𝑆𝐿𝐿, which for a stoichiometric propane-air flame was found to be 0.047 mm.  The 
experimental flame location, on the other hand, was found using the centroid of the luminous 
region, which had an axial length of about 0.5 cm for uniform propagation, and anywhere from 1 
to 5 cm for oscillatory regions.  Thus the tracked location of the flame may not have coincided 
with the location of highest reaction rate. 
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Figure 4.6 – Propagation histories in the 104-cm-tube: Experimental Data with Theoretical Plots 
from [5].  The first 23 cm of the test section is shown, where the agreement can be mostly clearly 
seen. 
 
  
44 
 
 
 
Figure 4.7 – Propagation histories in the 59.1-cm-tube: Experimental Data with Theoretical Plots 
from [5] 
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Figure 4.8 – Detail of Propagation histories in the 59.1-cm-tube: Experimental Data with 
Theoretical Plots from [5] 
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4.2.2 Total Travel Time Comparison  
Kurdyumov and Matalon [5] also derived an expression for total travel time 𝑡𝑡𝑎𝑎𝑜𝑜𝑎𝑎, which is 
accurate for tubes of sufficient length, which means tube lengths much greater than the thermal 
thickness of the flame (i.e. 𝐿𝐿 ≫  𝛿𝛿𝑎𝑎), a condition which is certainly true in this study, for both 
tubes.  The expression is given in Eq. (4.3). 
𝑡𝑡𝑎𝑎𝑜𝑜𝑎𝑎 ≈
ln (1 + 𝛾𝛾)
𝛾𝛾
𝐿𝐿
𝑆𝑆𝐿𝐿
 (4.3) 
 
Table 4.3 shows the results for the long tube (104 cm) and Table 4.4 for the short tube (59.1 cm).  
It should be noted that, in order to obtain the best possible comparison, the test section lengths, 
rather than the total tube lengths, were substituted for 𝐿𝐿 in Eq. (4.3).  These were 53.9 cm for the 
shorter tube, and 91.2 cm for the longer tube, except for the 𝜙𝜙 = 1.4 case in the longer tube, 
which did not achieve full propagation, and so the maximum propagation length of 41.1 cm was 
used. 
Table 4.3 – Total travel time comparison for the 104-cm-long tube Equivalence Ratio 𝜙𝜙 γ Laminar Flame Speed   SL (cm/s) Theoretical Travel Time (s) Experimental Travel Time (s) Percent Difference (%) 0.8 6.0 32.0 0.920 2.394 61.6 1.0 6.8 44.0 0.625 0.921 32.2 1.2 6.6 43.5 0.645 0.937 31.2 1.4 6.1 28.0 0.473 0.372 27.2 
 
 
Table 4.4 – Total travel time comparison for the 59.1-cm-long tube Equivalence Ratio 𝜙𝜙 γ Laminar Flame Speed   SL (cm/s) Theoretical Travel Time (s) Experimental Travel Time (s) Percent Difference (%) 0.8 6.0 32.0 0.554 1.071 49.2 1.0 6.8 44.0 0.369 0.421 12.3 1.2 6.6 43.5 0.381 0.381 0.02 1.4 6.1 28.0 0.621 1.183 47.5 
 
By comparing the travel times, the general trend is that the predictions for the 𝜙𝜙 = 1.0 and 1.2 
cases matched the data more closely than for the other two equivalence ratios.  For the longer 
tube (Table 4.3), the predicted times for 𝜙𝜙 = 1.0 and 1.2 are within 33% of the actual times.  The 
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𝜙𝜙 = 1.4 prediction time is even closer, within about 27%, but this case is not fully representative, 
since it did not achieve full propagation.  In the shorter tube (Table 4.4), the predictions for the 𝜙𝜙 
= 1.0 and 1.2 cases are even closer to the data, with a nearly perfect match for the 𝜙𝜙 = 1.2 case.  
It is to be noted that the lean case matched the least well, and this can be traced to the fact that, in 
both tubes, the lean case showed little or no acceleration after the uniform region, whereas a 
smooth acceleration is predicted for all curves by the theory.  It is notable that all predicted travel 
times in Tables 4.3 and 4.4 are accurate to within a factor of 2.6 or less.  Thus, while the theory 
cannot be said to predict the overall shape of the propagation curve (position vs. time), it predicts 
the total travel times much more closely.  This can be important for practical considerations, 
such as safety, in predicting the spread of laminar flames in confined geometries – which was the 
primary concern of many who first studied this topic [1, 9]. 
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Chapter 5 
 
Flow Visualization and Particle Streak Velocimetry 
 
5.1 Qualitative Flow Visualization 
High-speed visualization was used in order to visualize the flow velocity field produced 
during flame propagation in the tube, and in particular, to verify the existence and examine the 
nature of a flow produced in the unburned gases ahead of the flame.  Such a flow was certainly 
observed, and its development is demonstrated in Figure 5.1(a-h), which is a sequence of images 
where the leftmost end of the view is located at approximately 48.9 cm from the ignition end of 
the tube, and the view encompasses 2.96 x 0.64 cm.  The entirety of this image sequence was 
captured before the flame entered the view, and flame propagation is from left to right.   
Figure 5.1(a) shows the particles at rest just before they are affected by the flow.  The time in 
this frame has been labeled as t = 0 for a reference point.  In Figure 5.1(b) at 16.0 ms, the 
particles have been entrained upwards into the flow.  In Figure 5.1(c) at 24.0 ms, the particles 
span the height of the tube.  This figure also illustrates the unsteady, oscillatory character of the 
flow.  Since the lengths of the particle streaks correspond to the particle velocities, it will be 
noticed that in (b), the vast majority of the particles are moving in the forward (rightward) axial 
direction, whereas in (c), which occurs 8 ms later, many are moving upward or do not seem to be 
moving at all.  Analysis of the video frame by frame revealed that the particles were alternately 
pushed forward and pulled back axially, with the flow reversal occurring approximately every 
1.5 ms (3 frames).  In Figure 5.1(d) at 28.5 ms, the particles are again pushed forward 
substantially, and their velocity has increased since the last forward movement.  It was also 
observed that the cycle of forward motion produced long streaks (fast particle velocities), while 
the backward motion tended to slow down or stop the particles, but not reverse their direction 
enough to produce long backward streaks.  This suggests a connection to the high-amplitude 
oscillation flow regime discussed in Chapter 3 and plotted in Figure 3.3, in which the forward 
oscillation strokes (in flame position) are larger than the backward strokes, and it is hypothesized 
that the flame oscillation causes the gas inside the tube to oscillate with it.  This is illustrated in 
Figure 5.1(e) at 31.5 ms, where the streaks are again pushed forward, and are longer than 
previously seen.  In Figure 5.1(f), only 2 ms later in time, the particles have been slowed down to 
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virtual stagnation by the backward oscillation cycle.  Figures 5.1(f-h) are three consecutive 
frames, each separated by 0.5 ms, and show the progressive acceleration of the particles during 
one forward cycle.  All of the images in Figure 5.1(a-h) occur well before the flame passes the 
view.  In fact, the flame was not observed in the viewing window until t = 64 ms, or 29.5 ms 
after frame (h).  Thus, based purely upon qualitative evidence, it has been established that flames 
propagating in tubes do produce a flow in the unburned gases. 
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(a) 
 
(b) 
 
(c) 
 
 
(d) 
 
Figure 5.1 – Development of particle entrainment in the flow field preceding the flame. Camera 
exposure is 300 μs.   
(a) t = 0 ms, (b) t = 16.0 ms, (c) t = 24.0 ms, (d) t = 28.5 ms,  
(e) t = 31.5 ms, (f) t = 33.5 ms, (g) t = 34.0 ms, (h) t = 34.5 ms 
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(e) 
 
 
(f) 
 
(g) 
 
(h) 
Figure 5.1 (continued) 
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5.2 Particle Streak Velocimetry 
Particle Streak Velocimetry (PSV) was used to obtain instantaneous flow velocities by 
measuring the length of the streaks produced during an exposure time of 300 μs, as described in 
Section 2.4.  In order to correlate pixels with physical length, the inner diameter of the tube (6.4 
mm), was used as a reference.  The frame shown in Figure 5.1(h) was chosen for the PSV 
because the particles have been fully entrained, and also because it represents the 2nd in a series 
of three forward-moving images, and is therefore the one most likely to represent unidirectional 
axial motion and give accurate instantaneous velocities.  If an image were used in which, during 
the exposure, the flow partly reversed direction, the length of the streaks would not accurately 
represent the average particle velocities over that exposure.   
Velocities were collected in order to obtain the axial velocity 𝑈𝑈𝑥𝑥 as a function of the 
transverse coordinate y.  The y = 0 is located at bottom of the inner wall of the tube.  For this 
purpose, 13 streaks were chosen from the frame in Figure 5.1(h).  In order to reduce possible 
errors resulting from Stokes drag effects, an attempt was made to choose streaks that were 
relatively thin, corresponding to smaller particles that would follow the flow more quickly, 
which is especially important in an unsteady flow such as this.  This effort was balanced by the 
need to collect enough data points.  No streak was chosen that was discernably more than 3 
pixels thick, corresponding to a physical length of 111 μm, although this is a very rough way of 
approximating particle diameter, since perceived size is a function of luminosity.  Also, since the 
particles were in a part of the flow not yet heated by the flame, thermophoretic drift was not 
considered to be a source of error. 
The (x,y) locations of the endpoints of each streak were determined by the method described 
in Section 2.4, and the y-location of the streak was taken to be the average of the two endpoints.  
The difference Δy in the y locations of the endpoints was no more than 0.11 mm.  In order to 
collect an adequate number of streaks, the axial velocity profile 𝑈𝑈𝑥𝑥(𝑦𝑦) was assumed to be 
hydrodynamically fully-developed (i.e. invariant with respect to axial location x) over the range 
of points chosen, which spanned a distance Δx of 1.32 cm.  The resulting profile is shown in 
Figure 5.2.  All velocities were in the range 273 to 1308 cm/s, which are one to two orders of 
magnitude higher than the laminar flame speed.  Although the maximum velocities were found 
near the centerline and the minimum near the walls, there is a wide range and scatter in the 
distribution.  For example, the velocities collected nearest the centerline (y = 0.32 cm) differ by 
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more than 900 cm/s.  Thus the flow is either not fully-developed and/or the particles do not 
follow the flow accurately.  Both of these sources of discrepency can be explained by the fact 
that the flow is highly unsteady, reversing direction every 1.5 ms.  As seen in Figure 5.1(h), 
many of the particles had a finite y-velocity component, though small in comparison to the axial 
component.  In addition, close inspection of the image reveals that for many streaks, one 
endpoint is more luminous than the other, which may be evidence of out-of-plane motion, which 
would futher reduce the accuracy of the measurements.  Therefore, the flows developed ahead of 
an oscillating flame are highly unsteady, and most likely 2- if not 3-dimensional in nature.  
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Figure 5.2 – Axial velocity data extracted using PSV 
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Chapter 6 
 
Summary, Conclusions, and Recommendations 
 
6.1 Summary of Results and Concluding Remarks 
In this study, the behavior of premixed propane-air flames propagating in narrow quartz 
tubes was investigated.  The purpose was to experimentally characterize the phenomenology, 
flame speed and modes of propagation, and the resulting flow fields of these flames, and also to 
compare these results with recent theoretical and computational predictions.   
The overarching conclusion is that flame propagation in tubular geometries is, in nearly all cases 
studied here, an inherently unstable phenomenon.  Flame propagation is controlled by highly 
coupled interactions between hydrodynamic, thermal, and chemical phenomena, which respond 
to small perturbations in a non-linear fashion.  One example is the strong correlation observed 
between instantaneous flame speed and acceleration, and flame surface area.  It was found that 
regions of high flame speed corresponded to a large luminous flame surface, which was often 
elongated to more than five times the length of the parabolic shape (about 0.5 cm) that the flame 
assumed during uniform propagation.  Inversions in the flame front were also encountered, 
during which the flame front concavity reversed direction, and these were accompanied by large 
backward shifts in the flame position.  These phenomena point to instabilities of a hydrodynamic 
and/or thermal nature.  
By studying flame propagation in mixtures with different fuel-air equivalence ratios, some 
general conclusions could be drawn.  Generally, flame propagation began with a region of nearly 
constant speed, which then transitioned into a region characterized by high-amplitude 
oscillations in axial position accompanied by flame acceleration.  This was followed, depending 
on the case, either by regions of fast propagation, or by regions of small-amplitude oscillations 
yielding a flame speed that was nearly constant, or even, near the end of the tube, by very large 
fluctuations in position that featured backward movement of the flame by 5 cm or more.  The 
flames that propagated the fastest were those in stoichiometric or slightly rich mixtures (𝜙𝜙 = 1.0, 
and 1.2), and these were also the cases that exhibited the most oscillatory and unstable regions.  
This is in harmony with the established behavior of laminar flame speed in propane-air mixtures, 
which peaks at a slightly rich composition of 𝜙𝜙 = 1.06 [25].  The only case that did not exhibit 
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any oscillatory behavior was that of the lean mixture (𝜙𝜙 = 0.8) in the shorter tube (59.1 cm 
length), which propagated uniformly from beginning to end.  The lean case in the longer tube 
(104 cm length) displayed small oscillations, whose amplitude was on the order of the length of 
the flame, and these resulted in a slight decrease in the overall flame propagation speed. 
Comparisons were made with the theoretical predictions of Kurdyumov and Matalon [5] with 
regard to propagation time history and total propagation time (i.e. the time taken to traverse the 
length of the tube from beginning to end).  The analytical expression for flame position as a 
function of time matched most closely with the lean experimental case, and this can be expected, 
since the analytical model assumed lean combustion, and thus neglected the partially-oxidized 
intermediates that occur in rich combustion.  The total propagation times predicted by the theory 
matched those of the experiment to within a factor of 2 for nearly all cases, and often within 
35%.  The theory consistently under-predicted the travel times, since it predicted a 
monotonically accelerating flame, without any of the oscillatory behavior that was observed 
experimentally. 
Finally, flow visualization and Particle Streak Velocimetry (PSV) were employed to analyze 
the flow developed in the unburned gases ahead of the flame front.  This was performed for a 
rich case in which the propagation was highly oscillatory.  It was definitively shown that flames 
propagating in tubes do produce a flow in the unburned gases ahead of the flame, and the flow 
patterns developed were found to be highly unsteady and possibly 3-dimensional, with measured 
axial velocities exceeding the laminar flame speed by one to two orders of magnitude.  The axial 
velocity profile obtained did not match that of a fully-developed laminar flow, and it is clear that 
more robust experimental diagnostics and analysis are required in order to characterize these 
flow fields. 
 
6.2 Recommendations for Future Work 
If the propagation of flames in narrow geometries and the flow fields produced thereby are to 
be utilized for technologies such as novel propulsion devices, as proposed by Gamezo and Oran 
[6], more complete studies must be done of the propagation phenomenology and the driving 
thermal and hydrodynamic mechanisms, in order to establish the limits of regimes under which 
propagation behavior suitable to these devices will occur.  For example, it has been established 
in this work that uniform propagation of the flame is most likely to occur under lean conditions, 
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but conditions producing a smooth acceleration without oscillation and instability were not 
found.  A more intensive study of the effect of geometric boundary conditions (e.g. tubes being 
open or closed at either end) would perhaps yield different propagation regimes, since these 
boundary conditions have been shown to play a very important role in determining the modes of 
flame propagation [1, 11]. 
In terms of quantitative flow visualization, PSV is a legitimate method of measuring 2-D 
instantaneous velocity fields, but the fundamental and serious challenge here is establishing a 
proper seeding mechanism.  To distribute the particles evenly in the flow and prevent them from 
agglomerating usually requires a dedicated fluidization system, often consisting of a mixing 
chamber with a high rate of flow and a sonic orifice to break up agglomerates [28, 33].  
However, since stagnant conditions are desired in the test chamber for this case, and small 
particles have a high tendency to adhere to the walls of the quartz tube, an innovative method 
must be found to produce an even suspension of particles in a stagnant flow and keep them from 
adhering to the walls for the time necessary to perform the flame test. 
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